a Rhodium remains a high value platinum group metal that has key applications in electronics, catalysts, and batteries. To provide a useful tool for Rh isolation, a novel tridentate ligand utilizing soft N and S donors was designed to specifically extract Rh. The synthesis, complexation kinetics, and liquid-liquid extraction studies were performed to explore the overall process and recovery of Rh from chloride media.
Recovery of rhodium with a novel soft donor ligand using solvent extraction techniques in chloride media † Rhodium remains a high value platinum group metal that has key applications in electronics, catalysts, and batteries. To provide a useful tool for Rh isolation, a novel tridentate ligand utilizing soft N and S donors was designed to specifically extract Rh. The synthesis, complexation kinetics, and liquid-liquid extraction studies were performed to explore the overall process and recovery of Rh from chloride media.
Platinum group metals (PGMs) occur in mixed ores with rhodium present in low concentrations (0.4-10 ppb) in the earth's crust.
1,2 Rhodium is the most extensively used metal in catalytic applications (e.g., oxidation of ammonia to nitric acid, automobile catalytic converters) and is resistant to aerial oxidation and insoluble in all acids, including aqua regia.
1, 3, 4 In an alternative source, rhodium is also produced in sufficient quantities (0.47 kg t −1 initial heavy metal) during the fission process of 235 U in nuclear reactors. 4 Two general strategies, ion pairing and coordination complexation, have been utilized to extract Rh(III) from chloride media. 11 Ion pairing mechanisms have been studied primarily with the tertiary and quaternary amines. [12] [13] [14] [15] [16] Comparison of three tertiary amines for coordination (Alamine 304-1, Alamine 308, Alamine 336) and a quaternary ammonium salt for ion pairing (Aliquat 336) showed better extraction through ion pairing with Aliquat 336 (∼80%). 13 Mixed mechanism extractions, initial ion pairing followed by coordination, have been proposed with N-n-octylaniline 12 and sulfoxides during long extraction equilibrium times. 17, 18 To address the slow kinetics of Rh(III) and complex chloride speciation, several studies have focused on improving these limitations by the addition of reducing agent (SnCl 2 ) to access the substitution labile Rh(I) oxidation state. 6, 11, [14] [15] [16] [17] Extraction strategies with tributylphosphate 19 (coordination complexation) and Kelex 100 20 (ion pairing) continue to be effective in the presence of SnCl 2 . However, the addition of reducing agent may have unforeseen redox implications on the complex matrix of nuclear waste. An alternative strategy utilizes soft donor ligands to more effectively complex Rh(III) without a reducing agent. 21 Herein, a soft donor (S, N) tridentate ligand was designed to generate a single neutral (RhLCl 3 ) species from chloride media. The solvent extraction and complexation kinetics of the ligand system were also evaluated. The ligand 3 was prepared by alkylation (S N 2) of 2,6-bis(bromomethyl)pyridine, 1, with 1-hexanethiol, 2, in excellent yields after purification (86%) (Scheme S1 †). H NMR of the complexed ligand exhibited a general downfield shift compared to the free ligand. Closest to the rhodium center, the py-CH̲ 2 -S exhibited splitting from a singlet in the free ligand to a multiplet (4.87-4.60 ppm) that resembles an AB q . The S-CH̲ 2 -CH 2 also displayed increased splitting from a triplet in the free ligand (2.46 ppm) to a multiplet (3.54-3.06 ppm). 13 C NMR indicated a symmetric molecule with the expected peaks. Single crystals of 4, grown by slow evaporation of an ethanol solution, were analyzed by X-ray diffraction and determined to pack in the P2 1 2 1 2 1 space group with one molecule in the asymmetric unit cell (Fig. 1) . ‡ The rhodium center exists as a distorted octahedra with ligand 3 and the three chlorides occupying meridional conformations. The five membered coordination rings in 4 exhibited a constricted bite angle (85-86°) between S-Rh-N, which may account for the non-linear S-Rh-S bond angle (171.63°) and shortened Rh-S bonds (2.3176(7)-2.3283(7) Å) compared to monodentate Rh-S bonds (2.3625(6)-2.4068(6) Å). [22] [23] [24] Metal ligand binding kinetics were studied in ethanol with 3 and RhCl 3 ·xH 2 O to evaluate the complexation process by UV spectroscopy, which indicated two distinct processes occurring. The faster process represents approximately 80% of the absorbance change; the rest of the reaction is 100 fold slower (Fig. S1 †) . However, we will limit our discussion to the faster process, which is pseudo-first order with a t 1/2 = 3.02 min at 60°C with the ligand in 100 fold excess. Evaluation of the concentration dependence shows that the reaction is quite complex but the data were reasonably modelled with a concentration dependent (first order in ligand, second order overall) and a concentration independent process. Further analysis of the ligand concentration dependence yielded an apparent second order rate constant of 0.22 ± 0.03 M −1 s −1 and an additional first order, ligand independent, contribution of 8.6 ± 2.8 × 10 −4 s −1 at 60°C (Fig. 2) . The temperature dependences of the data are presented through Eyring plots (Fig. S2 †) and yielded activation parameters that were drastically different (ΔH ‡ = 189 ± 20 and 56 ± 14 kJ mol
; ΔS ‡ = 309 ± 39 and −134 ± 93 J mol −1 K, second and first order reactions respectively).
Solvent extraction studies with RhCl 3 ·xH 2 O in the aqueous phase and 3 in 1-pentanol as the organic phase were conducted at room temperature. An inversion rotator (55 rpm) was found critical to optimize contact between the two phases during the extraction. Two time points, 24 h and 7 d, were examined to determine rhodium extraction with 3 at room temperature. The 24 h point was conducted to compare with previous rhodium extraction studies, 13, 25 
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This (Table S1 †) . Based on the temperature dependent kinetic data, an extraction study based on ligand concentration (0.005-0.05 M) was conducted at 70°C to assess the impact of temperature on the distribution ratio at 7 d (Fig. 3) . At the higher temperature, a clear trend of increased D values with respect to ligand concentration was observed (Table S2 † In summary, a novel soft donor (N, S) tridentate ligand was prepared and found to effectively coordinate RhCl 3 to form a well-defined neutral complex, mer-[RhCl 3 (3)] (4). Kinetics studies revealed a multifaceted complexation mechanism with a clear temperature dependence on the rate of formation. The influence of temperature was observed in the solvent extraction studies, where D values obtained at 70°C where significantly higher than room temperature values. Overall, the data suggests the feasibility of this strategy for rhodium complexation in chloride media without the presence of ancillary reducing agents.
